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Phytopathogens cause economic losses in agribusiness. Plant-derived compounds have been proposed to
overcome this problem, including the antimicrobial peptides (AMPs). This paper reports the identiﬁca-
tion of Ps-AFP1, a novel AMP isolated from the Pisum sativum radicle. Ps-AFP1 was puriﬁed and evaluated
against phytopathogenic fungi, showing clear effectiveness. In silico analyses were performed, suggesting
an unusual fold and disulﬁde bond pattern. A novel fold and a novel AMP class were here proposed, the
ab-trumpet fold and ab-trumpet peptides, respectively. The name ab-trumpet was created due to the
peptide’s fold, which resembles the musical instrument. The Ps-AFP1 mechanism of action was also
proposed. Microscopic analyses revealed that Ps-AFP1 could affect the fungus during the hyphal elon-
gation from spore germination. Furthermore, confocal microscopy performed with Ps-AFP1 labeled with
FITC shows that the peptide was localized at high concentration along the fungal cell surface. Due to low
cellular disruption rates, it seems that the main target is the fungal cell wall. The binding thermogram
and isothermal titration, molecular dynamics and docking analyses were also performed, showing that
Ps-AFP1 could bind to chitin producing a stable complex. Data here reported provided novel structural
efunctional insights into the ab-trumpet peptide fold.
 2013 Elsevier Masson SAS. All rights reserved.1. Introduction
Phytopathogenic fungi may cause enormous problems in agri-
business, generating severe economic losses, since plants provide
the main source of nutrition for these pathogens [1]. However,
several plant-derived compounds have been reported as defense
mechanisms, activated upon pathogen attack [2]. Among such
mechanisms, the antimicrobial peptides (AMPs) have been
described as being able to kill or slow the growth of infecting mi-
croorganisms and help to develop plant adaptive immunity [3]. In
this ﬁeld, AMPs provide innate immunity by the rapid formation of
a “ﬁrst defense line” against phytopathogens.
Hundreds of different antimicrobial proteins and peptides
encoded within the genomes of plants have been described [3e5],
and plant seeds have been used as a target for identiﬁcation of plantpos.ucb.br (O.L. Franco).
son SAS. All rights reserved.AMPs. Several plant AMPs have been isolated from plant seeds,
such as Pg-AMP1 [6], Cr-ACP1 [7], Cp-AMP [8] and Cp-thionin [9].
The AMPs can be classiﬁed in two major groups, according to the
presence or absence of disulﬁde bridges [10]. The disulﬁde-free
peptides are composed mainly of a-helical and unstructured
AMPs; while the cysteine-stabilized AMPs can have a number of
different folds. The plant cysteine-stabilized AMPs are classiﬁed
according to their folds and disulﬁde patterns, so that the discovery
of a novel fold could lead to a re- classiﬁcation or to the creation of a
novel AMP class [2,11,12]. In plants, there are few examples of plant
disulﬁde-free AMPs [6,7,13e15], with most plant AMPs stabilized
by disulﬁde bonds [2,4]. The main plant cysteine-stabilized AMP
classes are thionins [16,17], defensins [18,19], cyclotides [20,21],
hevein-like peptides [5,22], helical hairpins [23,24] and snakins
[25e27]. Indeed, a more accurate classiﬁcation could lead to a
better understanding of structuralefunctional relations, despite the
fact that the multifunctional character of AMPs [28] has made it
difﬁcult to acquire a complete understanding of their mechanisms
of action.
Table 1










S.M. Mandal et al. / Biochimie 95 (2013) 1939e19481940Here, the identiﬁcation of a novel small antimicrobial peptide
with a distinct fold and disulﬁde bond pattern, Ps-AFP1, is reported.
Ps-AFP1 was isolated from the Pisum sativum radicle, a very soft
tissue, which grows downward in soil and survives on the fungal
and bacterial population. Moreover, in silico analyses were per-
formed, suggesting an unusual disulﬁde bond pattern and also an
unusual fold. Therefore, the class of ab-trumpet peptides is pro-
posed here. The Ps-AFP1mechanism of actionwas also proposed by
using scanning electron and confocal microscopy analyses. Finally,
molecular dynamics and docking analyses were also performed in
order to better understand the structureefunction relationship.2. Results
2.1. Puriﬁcation and sequencing of Ps-AFP1
In order to explore the radicle peptide content, an RP-HPLC-based
separation strategy was used (Fig. 1(a)), yielding multiple fractions.
After lyophilization, all fractions were challenged against fungi and
one of them (star-marked in Fig. 1(a)) showed the highest efﬁciency.
This fraction was submitted to rechromatography and after puriﬁca-
tionwasnamedPs-AFP1. Purepeptide (>90%after rechromatography,
Fig. 1(b)) was obtained at a yield of w0.18 mg from 100 g of radicle
ﬂour. The monoisotopic molecular mass of Ps-AFP1 wasm/z 4198 Da
(Fig.1(c)). Thepresenceof cysteine residues inPs-AFP1wasconﬁrmed
by MALDI-MS analysis of reduced peptide after alkylation, which
showed an addition of m/z 57 Da in each cysteine residue (data not
shown). Firstly, the N-terminal sequence of Ps-AFP1 was determined
as 1RQLKS5. In order to complete this sequence, a 50-forward primerFig. 1. Puriﬁcation proﬁle of Ps-AFP1 extracted from radicle of garden pea Pisum sativum
indicates the gradient of solvent B; rechromatogram proﬁle of asterisk-indicated fraction (b
mass spectrum of asterisk-indicated antifungal active fraction (c), CD spectra of Ps-AFP1 inobtained fromN-terminal sequenceprimerswasconstructedanda30-
RACE-based poly (A) tail containing cDNA was used to amplify the
corresponding Ps-AFP1gene sequence. The obtained cDNA sequence
of Ps-AFP1 was “CGCCAGCTGAAAAGCAGCCGCCGCGGCGCGCTG
GTGTGCGTGCGCCTGAAACTGTGCAGCGCGATTCTGAGCCGCGGCCT-
GAGCTGCGGCATGTTTAGCTGCAACGCGCGCCGC” and the corre-
sponding amino acid sequence was 1RQLKSSRRGALVCVRLKLC
SAILSRGLSCGMFSCNARR38 (Fig. S1).2.2. Antifungal activity of Ps-AFP1
The antifungal activity was evaluated against several soil-borne
plant pathogens. Ps-AFP1 exhibited different antifungal activities
against most of the pathogens used (Table 1). These phytopatho-
genic fungi mostly cause damping-off diseases of seeds, seedlings
and roots. The EC50 values were ranged at 0.975e500 mM, where
Fusarium oxysporum and Candida albicans were the most affected. Reversed-phase HPLC chromatogram proﬁle of acetic acid extract (a); diagonal line
, in inset); the mobile phase and other conditions are described in the text. MALDI TOF
buffer solution (d).
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by Ps-AFP1. Moreover, in order to better understand the Ps-AFP1
killing kinetics, C. albicans and Colletotrichum gloeosporioides were
challenged with different peptide concentrations. Data reported
suggest that Ps-AFP1 inhibits fungal growth in a dose-dependent
manner (Fig. S3).
2.3. Inhibition of spore germination
Spore germination of Aspergillus solani and Fusarium solani was
remarkably (70%) inhibited by the presence of Ps-AFP1 with their
corresponding EC50 values (8 mM). Spore germination inhibition
wasmostly inﬂuenced after 6 h incubation (data not shown). In this
period, a phase contrast microscopic analysis was performed,
revealing that Ps-AFP1 could directly affect fungal spore and further
inhibit the hyphal elongation from the germinating spore (Fig. 2).
2.4. Confocal microscopy
The localization of FITC-labeled Ps-AFP1 on treated Candida cells
was monitored by confocal microscopy. First it was checked and
conﬁrmed that FITC-conjugated Ps-AFP1 retained identical antifungal
activity without conjugation and CFW does not altered the activity of
FITC-conjugated Ps-AFP1 (data not shown). Confocal microscopic
images revealed that Ps-AFP1 was localized on the cell surface and
increased the Ps-AFP (green ﬂuorescence) concentration on theFig. 2. Phase contrast microscopic images of spore germination inhibition by Ps-AFP1. Spore
with Ps-AFP1 (8 mM) for 2 h (b) and 6 h (d). Images show that Ps-AFP1 has an adverse effesurface as incubation time increased. After 10 min of incubation, Ps-
AFP1 was found to be predominant along the cell surface, and a few
granules were also localized in the center, indicating the entrance of
Ps-AFP1 into the cytoplasm at very low concentrations (Fig. 3).
2.5. Circular dichroism analysis
The secondary structures of the peptides were investigated by
using circular dichroism (CD) (Fig. 1(d)). The CD spectra revealed a
negative peak at 215 nm, indicating the formation of b-sheets
structure, and a wide shoulder near 223 nm, indicating a-helical
conformation. The CD spectrum is characterized by a strong posi-
tive band between 195 and 198 nm, corresponding to the formation
of antiparallel b-sheet structure.
2.6. Isothermal titration calorimeter analysis
The binding thermogram and isotherm for the N,N,N-tri-
acetylchitotriose ((GlcNAc)3) are shown in Fig. 4. The binding
constant of Ps-AFP1 to (GlcNAc)3 was determined to be
9.41.1103 M1. The moderate binding constant might be due to
the use of only a single unit of (GlcNAc)3. The interactions between
(GlcNAc)3 and Ps-AFP1 are enthalpically favored (DH ¼ 1.689E4),
providing reaction negative enthalpy values at 25 C (Fig. 4). The
negative free energy of reaction values suggested that these bind-
ing interactions are all spontaneous reactions.s of Glomerella sp. were incubated with PBS (1) for 2 h (a) and 6 h (c); simultaneously
ct on spore germination. Images were captured at 1000 magniﬁcation.
Fig. 3. Confocal microscopic images of Candida cells treated with Ps-AFP1. Candida cells were successively treated with CFW dye and FITC-conjugated Ps-AFP1, viewed in confocal
microscope at 400magniﬁcation. Cells were treated with FITC-conjugated Ps-AFP1 for 5 min (upper panel, 1) and for 10 min (lower panel, 2). Images were captured from the same
ﬁeld of interest in bright ﬁeld (A), under 355 nm laser, showing blue color due to the excitation of AFW dye (B), under 488 nm laser showing green color due to the excitation of FITC
dye (C) and merged view of both AFW and FITC-conjugated Ps-AFP1 showing light cyan color (D). Images revealed the localization of Ps-AFP1 mainly on the cell surface.
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Ps-AFP1 was predicted to be an antimicrobial by CS-AMPPred,
with a score of 0.8042, indicating that its physicochemical and
structural properties (charge, hydrophobicity, ﬂexibility, a-helix
and loop indexes) are similar to other cysteine-stabilized AMPs.
However, no hits were returned by PSI-BLAST and InterPro Scan,
nor in the search for similar structures deposited in PDB through
LOMETS. Therefore, the QUARK ab initio server was used to pre-
dict the Ps-AFP1 tertiary structure, which was expected to be
composed of an a-helix and an antiparallel b-sheet with two b-
strands, being stabilized by two disulﬁde bridges formed
between Cys13 and Cys19; and Cys29 and Cys34 (Fig. 5). In theFig. 4. ITC-based binding afﬁnity measurement of Ps-AFP1 with (GlcNAc)3. Binding thermog
(b), respectively.Ramachandran plot, 72.7% of the residues are in favored regions;
and 24.2% are in additional allowed regions; and the overall G-
Factor was 0.04. The Z-score on ProSA was 6.61. Since the
scanning electron and the confocal microscopies indicated,
respectively, a deleterious effect on the germinating spore and a
high peptide concentration on the cell surface, the fungal cell wall
was proposed as the main Ps-AFP1 target. Therefore, the docking
with (GlcNAc)3 and Ps-AFP1 was performed in order to verify the
probable inter-molecular interactions. The Ps-AFP1 C-terminal
segment seems to be mainly responsible for Ps-AFP1-(GlcNAc)3
interactions (Fig. 6). This complexation is constructed by a
hydrogen-bond net. The residues Ser28, Ser33 and Arg37 interact
through their side chains with hydrogen bonds, while the residuesram and isotherm of Ps-AFP1 and (GlcNAc)3 interaction are shown in ﬁgure as (a) and
Fig. 5. Molecular model of Ps-AFP1 generated by QUARK and docking result of Ps-AFP1 and (GlcNAc)3 (upper panels). Final structures after 50 ns of simulation (lower panels).
Disulﬁde bonds are represented as ball and stick.
Fig. 6. Docking results of Ps-AFP1 and (GlcNAc)3. The residues that contribute to
hydrogen bonds are shown as sticks. Distances are measured in angstroms.
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hydrogen bonds (Fig. 6).
In order to evaluate the structure prediction and the binding
afﬁnities between Ps-AFP1 and (GlcNAc)3, two distinct molecular
dynamics were performed. Firstly, the peptide simulation in water
environment was performed, where a fold loss could be observed in
the b-sheet (Fig. 5). In addition, the tertiary structure seemed to be
unstable in water, since the backbone’s RMSD variation throughout
the simulation was very irregular and did not reach stabilization
(Fig. 7A). Nevertheless, the simulation of the peptide-(GlcNAc)3
complex showed the opposite situation. Interestingly, the complex
seemed to be more stable than the free peptide, so that no losses of
secondary structureswere observed (Fig. 5), and the RMSDvariation
during the simulation was more constant (Fig. 7A), indicating that
the (GlcNAc)3 stabilized the Ps-AFP1 structure. This stabilization
was also indicated by the RMSF, where virtually all residues were
more stable when Ps-AFP1 was in complex with (GlcNAc)3 (Fig. 7B).
3. Discussion
Plant seeds seem to be excellent targets for identiﬁcation of
novel antimicrobial peptides, and a number of AMPs have already
Fig. 7. Backbone RMSD (A) and RMS ﬂuctuation (B) of Ps-AFP1 during 50 ns of simulation, the free peptide in red and the peptide-(GlcNAc)3 in blue.
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gens [29]. This report describes a novel peptide in the radicle of
germinating P. sativum seeds, named Ps-AFP1. Ps-AFP1 is able to
inhibit the germination of fungal spores and is probably involved in
root defense in the ﬁrst stages of plant development, since the
radicle is the ﬁrst soft tissue to emerge from germinating seeds.
Initially, the HPLC fractions from the P. sativum radicle’s acidic
extract were screened for antifungal activity. Among the HPLC
fractions, one of themwas found to exert strong antifungal activity
(Fig. 1). Therefore, Ps-AFP1 was puriﬁed and sequenced, revealing a
peptide with 38 amino acid residues, containing four cysteine
residues, involved in two disulﬁde bonds. Ps-AFP1 showed a
remarkable feature, being composed of seven arginine, six serine
and six leucine residues, totaling half of peptide composition.
Interestingly, neither homologs nor domains were found for Ps-
AFP1 through PSI-BLAST and InterPro Scan, respectively. The simi-
larities between Ps-AFP1 and the other cysteine-stabilized AMPs
are restricted to the physicochemical properties, since a positive
antimicrobial activity prediction was returned by CS-AMPPred. As
Ps-AFP1’s antifungal activity was known before its sequencing, we
conducted antimicrobial activity prediction not to predict the ac-
tivity itself, but in order to verify if Ps-AFP1’s properties were
similar to those of other cysteine-stabilized AMPs.
The absence of related sequences leads us to believe that Ps-
AFP1 could belong to a novel AMP class, despite the fact that this
novel class has only one member so far, Ps-AFP1 itself. In order to
clarify this issue, in silico structural analyses were performed.
Initially, threading algorithmswere used to select the best template
for comparative modeling; however, no signiﬁcant templates were
found. Thus, ab initio molecular modeling was performed. The
prediction indicates that Ps-AFP1 belongs to the cysteine-stabilized
AMP group. However, its disulﬁde bond pattern is distinct from the
well-known AMP classes, as is its fold, composed of an a-helix and
an antiparallel b-sheet with two b-strands. Ps-AFP1 was directly
compared to all previously described plant AMP classes and espe-
cially to the plant defensins. Nevertheless, no match was obtained,
and for this reason a novel class of plant AMPs was proposed and
named the ab-trumpet peptides. Defensins with the CSabmotif are
stabilized at least by three disulphide bonds, as observed for PsD1
[56], showing two characteristic motifs of CXC (present in a b-
strand) and CXXXC (present in a a-helix) [2,9,12]. This speciﬁc
patternwas not observed here. For this reason, a novel peptide fold,
named ab-trumpet, was here proposed, referring to the musical
instrument, since the loop connecting the two b-strands would bethe tuning slide and the a-helix would be the trumpet bell (Fig. S2).
Continuing the analogy, it seems that the trumpet plays when
phytopathogens attack the radicle, being involved in the ﬁrst de-
fense line of the germination process. Other classes of AMPs were
also observed during the germination process, including defensins
[9] and 2S albumins [29], which compose a chemical army (maybe a
symphony) to protect the seedling from phytopathogenic attack.
The confocal microscopic images clearly revealed that Ps-AFP1 is
mainly located on the fungal cell surface (Fig. 3), indicating that the
target could be something extracellular, such as the cell membrane,
the cell wall or even a cell receptor. However, scanning electron
microscopy shows morphological modiﬁcations in fungal spores
with deleterious effects on hyphal elongation (Fig. 2). Similarly, the
peptide IWF4, which was puriﬁed from sugar-beet (Beta vulgaris L.)
leaves, was able to inhibit the fungi’s hyphal elongation and spore
germination with their chitin binding properties [30]. Since the
major spore-coating component is chitin, the proposed target for
Ps-AFP1 was the fungal cell wall. In order to better understand the
peptide target, an ITC experiment was performed. The ITC analyses
showed that Ps-AFP1 was able to make a real interaction to
(GlcNAc)3 (Fig. 4). Therefore, molecular docking followed and mo-
lecular dynamics were performed to investigate the Ps-AFP1-
(GlcNAc)3 interactions. The simulations clearly indicate the need for
(GlcNAc)3 as a ligand to stabilize the structure of Ps-AFP1 (Figs. 5
and 7A). The complex was maintained during the whole simula-
tion, indicating that it binds to chitin, as showed by ITC experi-
ments. In this view, Ps-AFP1 can be classiﬁed as a lectin, since the
deﬁnition of lectin is a peptide or protein that has at least one
domain with ability to bind reversibly and non-enzymatically to a
speciﬁc carbohydrate [5], which could be a mono- or oligosaccha-
ride. In the case of Ps-AFP1 the carbohydrate seems to be (GlcNAc)3.
Lectins can be found in plants [5,22], animals [31], fungi [5,32] and
bacteria [33], being observed at subcellular levels in membranes
and cell secretions [34]. They are involved in numerous biological
processes, including defense against pathogens, symbiosis and cell
signaling [34]. Among pathogen defense functions, lectins can
perform bactericidal [35], fungicidal [5,35] and antiviral activities
[36]. In the case of Ps-AFP1, only antifungal activity is reported until
now. The mechanism of action of Ps-AFP1 could be similar to the
class of hevein-like peptides, where the peptide binds to the cell
wall, inhibiting its elongation and leading the fungus to death [5].
In summary, a novel AMP class is proposed, the ab-trumpet
peptides, with a single member so far: the peptide Ps-AFP1. This
peptide was isolated from P. sativum seeds during the germination
S.M. Mandal et al. / Biochimie 95 (2013) 1939e1948 1945phase. It is probably involved in plant defense against fungi in the
initial development stages, being extremely valuable for plant
survival. The Ps-AFP1 mechanism of action seems to be related to
chitin interactions, inhibiting fungal development. Additional
studies are needed for a better functional and structural charac-
terization of Ps-AFP1. Data here presented suggest that in the near
future Ps-AFP could be used as a potent biotechnological tool in the
control of novel antifungal agents.4. Material and methods
4.1. Sample collection
P. sativum seeds were locally obtained. Seeds were left to
germinate after overnight soaking in water. Radicles emerged from
the seeds, reaching 2e3 mm in length after incubation for two days
at room temperature. The radicles were sliced out and kept
at 20 C until further use.4.2. Sample preparation
The radicles were frozen in liquid nitrogen and groundwell with
a pestle and mortar. The obtained radicle powder was homoge-
nized with 0.5% aqueous acetic acid solution and incubated over-
night in a rotary shaker with 120 rpm. The resulting acetic acid
extracted solution was repeatedly centrifuged at 12,000 rpm and
further ﬁltered with 0.22 mM ﬁlter (Millipore, USA) before further
puriﬁcation process.4.3. Peptide separation and puriﬁcation
The extracted acetic acid solution was fractionated by reverse
phase HPLC (Agilent 1100 series) with a ZORBAX 300-SB18 column
(4.6 mm 250mm, particle size 5 mm), at a ﬂow rate of 1mLmin1.
The solvent was 0.1% aqueous TFA (A) and 80% acetonitrile con-
taining 0.1% TFA (B). A step gradient of solvent B used to run the
column was as follows: 0e60% for 0e45 min, 60e80% for 45e
55 min and 80e100% for 55e60 min. All the solvents of HPLC grade
were purchased from Spectrochem, India. The elution of adsorbed
proteins was monitored at 215 nm. Collected fractions were
concentrated by lyophilization and antifungal activity was screened
as described above. The fraction showing antifungal activity was re-
chromatographed in the same column and same conditions, but
solvent B was used as 100% ACN with a gradient of 0e10% for
30 min, the eluted single peak was concentrated by lyophilization
and further antifungal and analytical assays were performed. Pep-
tide concentration was determined using the same RP-HPLC con-
ditions and calibrated with bovine insulin (SigmaeAldrich).4.4. MALDIeTOF-MS analysis
The lyophilizedmostly active peptide fractionwas re-suspended
in 80% (v/v) acetonitrile solution containing 0.1% (v/v) triﬂuoro-
acetic acid, and 4 mL of peptide solution was mixed with 4 mL of
matrix (CHCA, 10 mgmL1). One microliter of this mixture solution
was spotted onto the MALDI 100 well stainless steel sample plate
and allowed to air-dry prior to theMALDI analysis. To obtain MALDI
mass spectra, a Voyager time-of-ﬂight mass spectrometer (Applied
Biosystem, USA), equipped with 337 nm N2 laser was used and
operated in accelerating 20 kV voltage. The spectra were recorded
in the positive ion linearmode. Reproducibility of the spectrumwas
checked several times from separately spotted samples.4.5. Antifungal bioassays
Antifungal activity of puriﬁed peptide Ps-AFP1 was evaluated
against A. niger, Aspergillus terreus, F. solani, F. oxysporum, Pythium sp.,
C. gloeosporioides, Glomerella sp. and C. albicans as earlier described
[37]. Wells were ﬁlled with 10 mL of two-fold serial dilutions of the
peptide and mixed with 90 mL half-strength potato-dextrose broth
containing conidia or zoosporangia (w104 cells mL1). The inhibition
of spore germination was evaluated by measuring the absorbance at
620 nm. Morphological changes were recorded using a light micro-
scope. Antifungal activitywasexpressedby the peptide concentration
causing a 50% inhibition of fungal growth (EC50). Experiments were
repeated three times.
In vitro growth kinetics of fungal strains (C. albicans and
C. gloeosporioides) were determined following the protocol
described by Mitchell et al. [38]. Fungal strains (103 CFU) were
inoculated into 2 mL Sabouraud dextrose broth supplemented with
different doses of Ps-AFP1 (1.0e12.0 mM), and further incubated at
30 C with continuous shaking at 180 rpm. Twomilliliters of mock-
inoculated Sabouraud dextrose broth served as a negative control.
The in vitro growth rates were measured at OD600 and using the
conversion factor of 3  107 CFU mL1 per 1 U OD600 [38]. Experi-
ments were repeated thrice and data were presented as mean of
triplicates  S.E.
4.6. N-terminal amino acid sequencing
The peptide was run onto Tricine-SDS-PAGE, further transferred
to PVDFmembrane (Bio-Rad), stained with amido black (Sigma) for
2e3 min, marked and de-stained with repetitive washing with 50%
methanol. The membrane was ﬁnally rinsed in Milli-Q water. The
marked region of the membrane was cut and subjected to N-ter-
minal sequencing. The N-terminal sequence was determined by
automatic degradation in Procise 491 CLC protein sequencer
(Applied Biosystems).
4.7. Circular dichroism analysis
The circular dichroism (CD) spectrum of the active fraction (Fr.3)
was recorded at 37 C using a Jasco J-815 spectropolarimeter
equippedwith a Jasco PTC-423 S Peltier temperature controller. The
scanning rate was 50 nm min1 with a response time of 2 s. The
spectrum was recorded at standard sensitivity (100 mdeg) with a
data-pitch of 0.5 nmin continuous mode. The scanning range was
245e180 nm and spectrum was the average of two consequent
accumulations. The baseline was corrected by subtracting the cor-
responding buffer blank.
4.8. Radicle RNA isolation
Fresh radicle (200 mg) was put in a pre-chilled mortar and
homogenized in liquid N2. Then an equal volume of saturated
phenol and RNA extraction buffer (pre equilibrated at 85 C) was
added and mixed well, incubated at 85 C for 10 min with vigorous
shaking. Half volume of CHCl3 was added to it and then mixed for
5 min. The upper aqueous layer was taken after centrifugation at
10,000 rpm for 10 min and RNA precipitated with 1/10th volume of
3 M sodium acetate (pH 5.2) and 2.5 volume of chilled ethanol
at 70 C overnight. RNA was pelleted by centrifugation at
8000 rpm for 20 min at 4 C. The pellet was washed twice with
chilled 70% alcohol, air-dried and dissolved in RNase-free water.
The quality of RNA was checked by integrity of ribosomal RNA
bands in agarose gel (1%) electrophoresis and quantiﬁed using UV-
spectrophotometry. To remove any DNA contamination, the RNA
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presence of MgCl2 (ﬁnal conc. 10 mM) at 28 C for 30 min.
4.9. 30 RACE (rapid ampliﬁcation of cDNA ends) and PCR
ampliﬁcation
For the 30 RACE experiment, a poly (A) tail was synthesized using
poly (A) polymerase at the 30 ends (Invitrogen). The polymerization
reactionwas carried out with 5 mg of RNA in a ﬁnal volume of 50 mL
containing 50 mM TriseHCl (pH 7.9), 10 mMMgCl2, 2.5 mMMnCl2,
50 mM NaCl, 250 mM ATP, 500 mg mL1 BSA and 5 U poly (A) po-
lymerase for 2 h at 37 C. Polyadenylated RNA was puriﬁed by
phenoleCHCl3 extraction and ethanol precipitation overnight
at 70 C. Subsequently, 1st strand cDNA was synthesized using
AOT (oligo dT adapter) primer at 48 C for 1 h. PCR was carried out
with polyadenylated cDNA as template using the 50 gene-speciﬁc
primer designed on the basis of N-terminal sequence of the peptide
and 30 RACE-AMP primer (provided in kit) that annealed to the poly
(A) tail. PCR was done under the following thermal proﬁle: initial
denaturation at 94 C for 4 min, followed by 30 cycles of 94 C/30s,
55 C/30 s, 72 C/30 s and a ﬁnal extension at 72 C for 5 min with
Taq DNA polymerase (Roche). The 30 RACE PCR product was
resolved in 1.0% agarose gel, eluted using quick gel extraction kit
(QIAGEN) and cloned into pCR2.1-TOPO vector. Recombinant
plasmid pCR2.1-TOPO10/RACE PCR product was sequenced using
M13 forward and reverse primer with Bigdye terminator kit (ABI).
4.10. Microscopy and spore germination inhibition
Spore germination inhibition assay was performed following
Nolde et al. [23]. Spore suspension (w106 spores mL1, 385 mL per
well) of Glomerella sp. was placed in an 8-well Lab-Tek chambered
cover glass (Nalge Nunc International), and the spores became
attached to the chamber bottom. Spores were incubated with a
ﬁxed peptide concentration that corresponded to their 50% (EC50)
inhibitory effect of fungal growth. 1 PBS control was used and
incubation monitored every 2 h interval up to 6 h. The treated
spores were visualized in phase contrast microscope (Olympus
1X51) and images were captured at 1000 magniﬁcation.
4.11. Preparation of ﬂuorescein isothiocyanate (FITC) conjugated
Ps-AFP1
Both FITC and Ps-AFP1 were dissolved in 100 mL of DMSO to
make a ﬁnal concentration of 10 mg mL1, and 8 mM, respectively.
Both the solutions were mixed together and incubated in the dark
at room temperature for 4 h. Further, 1 M ethanolamine was added
to inactivate the residual FITC. Then FITC-conjugated Ps-AFP1 was
puriﬁed by being sequentially chromatographed on a gel-ﬁltration
column following the protocol described by Ref. [39].
4.12. Confocal microscopy
Candida cells were grown for 18 h in potato-dextrose broth. Cells
were collected and washed gently with PBS (1) buffer. The cell
suspension (100 mL) was prepared in PBS containing
5104 cells mL1. Cells were treatedwith 2 drops of 0.1% calcoﬂuor
white M2R (CFW) for 2 min in the dark and further treated with
FITC-conjugated Ps-AFP1 for another 5 and 10 min respectively.
Cells were then visualized by confocal microscopy using a Leica TCS
SP2 confocal microscope (Leica). FITC and CFWwere excited using a
488 and 355-nm laser, respectively. Images were captured using
confocal LCS 3D software (Leica) and processed with the same
manufacturer’s software.4.13. Isothermal titration calorimetry assays
In order to measure the binding afﬁnity of N-acetyl-D-glucos-
amine (GlcNAc) with peptide, Ps-AFP1, isothermal titration calorim-
etry (ITC) was performed using iTC200 Systems equipment (GE
Healthcare, USA) coupled with non-reactive Hastelloy cells for
chemical resistance. All pure samples were dissolved against phos-
phate buffer (pH 7.5). Ten mM Ps-AFP1 and 1 mM GlcNAc were pre-
pared to be used as the ligand and macromolecules in ITC
experiments. All solutions were degassed right before the experi-
mental runs in same conditions at 25 C and at 180-s intervals uti-
lizing a stir speed of 310 rpm. Blank ITC experiments were done to
correct heat of dilution effects. Origin 7.0 (OriginLab Corp., MA) was
used to analyze the ITC data to determine the binding constant (K)
and enthalpy of binding (DH) directly from the binding thermograms.
4.14. Sequence analysis and molecular modeling
The similarity search was done by using PSI-BLAST [40] in the
NCBI’s non-redundant protein database. Then, domain identiﬁca-
tion was done by using InterPro Scan [41]. Antimicrobial activity
predictionwas done by using the polynomial model of CS-AMPPred
[42,43]. The QUARK ab initio modeling server [44] was used for
generating the three-dimensional structure of Ps-AFP1, since no
signiﬁcant templates for comparative modeling were found
through the LOMETS server [45]. Subsequently, the Swiss PDB
Viewer [46] was used for adjusting the distances between the
sulfur atoms to 2A, followed by an energy minimizationwith 2000
steps of steepest descent using the GROMOS96 implementation of
Swiss PDB Viewer [46]. The minimized model was evaluated
through PROSA II [47] and PROCHECK [48]. PROCHECK checks the
stereochemical quality of a protein structure, through the Ram-
achandran plot, where reliable models are expected to have more
than 90% of amino acid residues in most favored and additional
allowed regions. PROCHECK also gives the G-factor, a measurement
of how unusual the model is, where values below0.5 are unusual,
while PROSA II indicates the fold quality.
4.15. Molecular docking and dynamics
The complex between Ps-AFP1 and N,N,N-triacetylchitotriose
((GlcNAc)3) was constructed through Hex 6.1 [49]. The coordinates
of (GlcNAc)3 were obtained from the structure of hevein-32 (PDB
ID: 1T0W) [50]. Docking experiments were performed considering
shape and electrostatics of eachmolecule without any docking post
processing. The resulting complexes were clustered, using RMS cut-
off of 3 A. The cluster with highest afﬁnity was selected as the
preferable binding mode. The GROMACS package (version 4.5) [51]
was used for performing themolecular dynamics simulations (MD).
Two distinct simulations were done, one with the free peptide and
another with the peptide-(GlcNAc)3 complex. The molecular
models were immersed in a cubic water box, with a distance of
0.5 nm from the edge of each box. Water molecules were repre-
sented by the single point charge water model [52]. Chlorine ions
were added to the system in order to neutralize the system’s
charge. Fifty thousand steps of steepest descent were performed to
minimize the system. Following that, the molecular dynamics
integrator was used for pressure and temperature normalization
(100 ps each) by using the velocity rescaling thermostat (NVT
ensemble) and the Parrinello-Rahman barostat (NPT ensemble),
respectively. Then, the system with minimized energy and
normalized pressure and temperature was simulated for 50 ns. The
simulations were carried out in silico at 300 K and 1 bar. The ge-
ometry of water molecules was constrained by using the SETTLE
algorithm [53]; and all atom bond lengths were linked by using the
S.M. Mandal et al. / Biochimie 95 (2013) 1939e1948 1947LINCS algorithm [54]. The electrostatic corrections were made by
Particle Mesh Ewald algorithm [55], with a cut-off radius of 1.4 nm;
the same cut-off radius was also used for van der Waals in-
teractions. The MD simulations were analyzed by means of root-
mean-square deviation (RMSD) and root-mean-square ﬂuctuation
(RMSF).
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